The magnetic energy balance and magnetic energy flows for plasma disruptions in which runaway plateau plasmas are formed and terminated at JET has been analysed and compared to that of runaway-free disruptions. The analysis shows that the energy loss processes during runaway plateau plasma termination are qualitatively different from those of a runaway-free disruption because of the pre-existence of a runaway population in the first case. As a consequence, a significant fraction of the runaway plateau plasma magnetic energy is directly converted into runaway electron kinetic energy during the runaway plateau termination phase. This leads to the fluxes being deposited by runaway electrons onto in-vessel components during the termination of runaway plateaus to be significantly larger than those expected from the initial kinetic energy of the runaway electrons in the runaway plateau plasma.
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AbstrAct.
The magnetic energy balance and magnetic energy flows for plasma disruptions in which runaway plateau plasmas are formed and terminated at JET has been analysed and compared to that of runaway-free disruptions. The analysis shows that the energy loss processes during runaway plateau plasma termination are qualitatively different from those of a runaway-free disruption because of the pre-existence of a runaway population in the first case. As a consequence, a significant fraction of the runaway plateau plasma magnetic energy is directly converted into runaway electron kinetic energy during the runaway plateau termination phase. This leads to the fluxes being deposited by runaway electrons onto in-vessel components during the termination of runaway plateaus to be significantly larger than those expected from the initial kinetic energy of the runaway electrons in the runaway plateau plasma.
IntroductIon.
In the next generation of burning plasma tokamaks, the plasma facing components will be subject to large energy fluxes during disruptions [24] , which can reduce significantly their operational lifetime. The processes that dominate the flow of energy from the plasma to the in-vessel components for the two phases of the disruptions (thermal quench and current quench) have been studied and characterised in detail for JET [29, 1] and other tokamaks [3, 23] providing the physics basis for the evaluation of these fluxes for ITER [24, 16] . In present experiments, most of the disruptions occurring during normal plasma operation (i.e. excluding those intended to produce large runaway current plateaus) do not generate significant runaway tails during the current quench. On the contrary, due to the large plasma magnetic energy, large electric field during current quench and the longer duration of the current quench itself, significant runaway currents are expected to be routinely generated during disruptions in next step devices such as ITER [24] . Runaway electrons have been found to deposit their energy in very short pulses and in localised areas of the in-vessel components in present devices that can cause significant localised damage to these components (see for instance [20] ).
Understanding the magnitude of the energy fluxes to in-vessel components in disruptions with runaway formation in present devices and their extrapolation to ITER has triggered a significant number of studies following the identification of the avalanche mechanism as dominant for the generation of runaways with increasing plasma current and tokamak size [31] . These experimental and modelling studies have concentrated mostly on the determination of the mechanisms that dominate runaway generation in present devices, their dependence on plasma conditions and their extrapolation to ITER with the goal of predicting the typical level of runaway current to be expected in ITER disruptions [35, 36, 5, 12, 28, 25, 17, 7, 32, 33] . On the contrary, detailed studies of the processes that dominate the energy balance and energy flows during runaway plateau plasma formation and, in particular, during their termination both from the experimental and theoretical points of view are scarce [26, 35, 36, 34, 2] . This is in contrast to the obvious importance of these processes for the determination of the timescale and magnitude of the energy fluxes deposited by runaway electrons on in-vessel components when the runaway plateau plasmas are terminated.
This paper describes the analysis of the energy balance processes during the current quench of JET discharges with measurable runaway current plateaus. In this paper we concentrate on the analysis of the balance of magnetic energy because this is the dominant term in the total content of plasma energy both for the post-thermal quench plasma as well as for runaway plateau plasmas.
It is important to note however, that the deposition of the kinetic energy of the runaway electrons and of the magnetic energy at the termination of the runaway plateau plasmas may take place over different timescales and with different spatial distributions leading thus to different power fluxes to in-vessel components. The discharges analysed in this paper comprise accidental disruptions in which runaway plateaus were generated as well as dedicated experiments in which runaway current plateaus were generated purposely (typically by the puffing of a large impurity influx) from JET operation between 1985 to 2009 [6, 30] . The range of pre-disruptive plasma currents in the discharges analysed is 1 -6 MA and the corresponding runaway current plateaus are in the range of 0.3-3.0 MA. The discharges considered are all in limiter configuration; this is found to be favourable for the formation of runaway plateaus at JET because of the lower growth rate of the vertical instability that follows the disruption thermal quench [14] .
The paper is organised as follows : (e) Finally, section 6 extracts conclusions from the experimental and modelling findings from JET experiments and discusses their implications for ITER.
bAsIc observAtIons of dIsruptIons wIth formAtIon of runAwAy plAteAus And theIr termInAtIon At Jet.
The experiments analysed in this paper correspond to discharges in limiter configuration which, following a disruption, generate runaway plateaus with typical durations of several 10's of ms. Both disruptions accidentally triggered and purposely triggered for disruption/runaway studies experiments are considered. Fig. 1 shows a JET experiment in which a Neon puff in the main chamber is utilized to trigger the plasma disruption. Following the initial current quench in which the plasma current derivative is negative and very large (~100 MAs -1 ) a runaway electron current plateau is formed. During the initial current quench and the runaway plateau formation phase the plasma experiences an inwards drift associated with the decrease of plasma pressure, which is then followed by a vertical drift as the runaway plasma becomes vertically unstable (upwards or downwards depending on the conditions; in the example of Fig. 1 the movement is downwards). During these phases the presence, position and extent of the runaway electron beam in the plasma can be identified by the soft X-ray emission produced by the interaction of the high energy electrons with impurity atoms in the thermal plasma that follows the initial current quench [5] . Finally, the runaway plasma becomes unstable and the runaway electrons are lost to the in-vessel components producing a peak in the measured electromagnetic radiated power from the plasma and the photoneutron emission as shown in Fig.1 . After this, the remaining current in the post-runaway plasma decays in time scales of ~5ms. The peak in the plasma radiation at the runaway plateau termination is of much smaller magnitude than during the thermal quench and the initial current quench in the disruption and it is poloidally localized to the region where runaways are lost as shown in Fig. 2 , in contrast to the radiation distribution in the current quench where it is distributed over a large volume of the plasma [10] .
The formation of a runaway electron beam during the current quench has been postulated to lead to a peaking of the current profile from the soft-X ray observations described above [5] , which is in good agreement with theoretical expectations [Smith 2006 ]. The magnitude of their current profile peaking, as characterised by the plasma internal inductance l i (3) has been evaluated in JET by means of plasma equilibrium reconstruction with EFIT [13] through the current quench and the runaway plateau phases, with the assumption that the b p (poloidal beta) of the plasma after the thermal quench is very small (~ 0). As shown in Fig. 3 , at the start of the disruption the current profile experiences a strong flattening leading to the usual positive current spike by magnetic flux conservation [37] . Following this, the magnitude of the runaway current increases towards its plateau value and together with it the current profile itself peaks, as shown by the increase of the plasma internal inductance, reaching values which are typically in the range of 2 -3 for JET and thus a factor of 2 -3 times larger than those typical of pre-disruptive conditions.
Analysis of a wide database of JET discharges indicates that the change of the current density profile peaking, in relation to the pre-disruptive current density profile peaking, is correlated with the magnitude of the initial current derivative at the current quench, although the scatter in the database is large, as shown in Fig. 4 . This indicates that the larger electric fields at the current quench, associated with the larger current derivatives, increase the peaking of the current profile, which is consistent with theoretical expectations [33] . Equilibrium reconstruction codes are not usually employed to perform reconstructions of runaway plasmas, for which measurements are intrinsically complex, and thus the results obtained can be subject to large uncertainties. Therefore, an independent estimate of the current profile peaking has been carried out by utilizing the measurements of the soft X-ray emission during runaway plateaus at JET, as shown in Fig. 5 , and by assuming that the soft X-ray emission is proportional to the runaway current. The width of the runaway current profile DZ curr has been characterised by the full width of the soft X-ray emission profile peak at e -1 of its maximum. Utilizing DZ curr and the plasma radius a, from the equilibrium reconstructions, the magnitude of the runaway current profile peaking has been calculated under the assumption that all the measured plasma current in the plateau phase is carried by the runaway electrons (i.e. I p = I p r , where I p is the plasma current and I p r is the runaway electron current) within a radius of DZ curr /2, within which an average current density of j curr = I p r /((p(DZ curr /2) 2 ) is assumed.
For these simplifying assumptions, the internal inductance of the runaway plateau discharge can be quantified from the soft X-ray emission measurements by:
The runaway plasma internal inductance estimated in this way has been compared with that derived from equilibrium reconstructions for a set of JET discharges and it has been found to be in reasonable quantitative agreement; although large differences (factors of ~ 1.5-2) between the two estimates occur for some discharges. Fig. 6 shows a histogram of the results of such comparison illustrating that for about ~ 70% of the discharges analysed the estimates of l i with both methods agree within ± 30%.
The increase of the plasma internal inductance during the formation of runaway plateau plasmas plays a role in the balance of magnetic energy following the thermal quench. Due to the increased current profile peaking, the magnetic energy of the runaway plasma can be substantially larger than what would be estimated in its absence and it can ultimately limit the maximum level of runaway current that can be generated in a disruption. The total plasma magnetic energy is given by
where the total plasma inductance can be approximated by
For the typical values of the runaway plasmas analysed at JET and the range of the internal inductance in these runaway plasmas (l i = 2-3), the runaway plasma magnetic energy is found to be ~ 25-50% larger than that estimated by assuming that the plasma current peaking of the runaway plasma is similar to that before the current quench (typically l i ~ 1.0 -1.2). In fact, the magnetic energy in runaway plateau plasmas at JET is found to be in the range of 15-50% of the pre-disruptive magnetic energy as shown in Fig. 7 , demonstrating that for some cases a substantial amount of the pre-disruptive magnetic plasma energy is kept in the runaway plateau plasmas which are formed after the initial phase of the current quench. The implications of this finding will be discussed in more detail in sections 3 and 4.
Runaway plateau plasma discharges become finally unstable and runaway electrons are lost in a series of bursts that can be identified by the emission of hard X-rays and photoneutrons caused by the interaction of the high energy electrons with the in-vessel components [36, 5] . The processes and instabilities that lead to the final loss of the runaway plateau plasma are not well understood : in some cases they can be connected to the movement of the runaway plasma (an example is described in Fig. 1 ) which terminates the discharge as the runaway plasma is compressed against the in-vessel components reducing its cross-section and triggering MHD instabilities [36] ; in other cases, in which position control of the runaway plasma is maintained, it has been proposed that other MHD instabilities of the runaway beam itself (i.e. not dependent on their movement) are responsible for their termination [8] . Independent of the nature of the instability that terminates the runaway plateau plasma, it is experimentally found at JET that there is a large variability regarding the events that terminate them and in their timescales, as well as in the characteristics of the low temperature thermal plasma which is left after the runaway electrons are lost. Two typical examples of this variability are shown in Figs. 8 & 9. Fig. 8 .a shows a discharge in which the final phase of runaway electrons loss takes place over an extended period (~ 10 ms) in a series of discrete events leading to large spikes in the hard X-ray and photoneutron measurements. Despite the significant runaway losses in every of these spikes, a measurable runaway electron population is found to exist in the plasma (from soft X-ray emission shown in Fig. 8 .b) until the last spike in the hard X-ray and photoneutrons, in which the runaway population and the associated soft X-ray signal is found to vanish. At this time, the post-runaway thermal plasma carries a current which is only a small fraction of the initial runaway plateau plasma current (~30%). In other experiments, such as shown in Fig. 9 .a, virtually all the runaway electrons are lost in one or few large events following which the associated soft X-ray signal is found to vanish, as shown in Fig. 9 .b. In this case, the plasma current which circulates in the thermal plasma following the complete loss of runaway electrons is a large fraction of the initial runaway plateau current (~80%). For these conditions, the post-runaway thermal plasma can thus maintain a significant proportion of the magnetic plasma energy from that of the runaway plateau plasma. The connection between runaway loss timescales, the thermal level of plasma current after runaway loss and the implications for energy balance during runaway plasma termination are discussed in the following two sections. Studies of the energy balance and of the associated power fluxes during disruptions at JET and other devices have concentrated so far in runaway free disruptions and VDEs [27, 28, 1, 10, 3, 23, 21, 22] . For these cases, it has been found that the dominant mechanism for the loss of magnetic energy from the plasma during the current quench at JET is the emission of electromagnetic radiation by partially ionised impurities in the thermal low temperature/high density plasma that follows the thermal quench [27, 21, 22] . In this section, we present the first analysis of energy balance and energy flows for disruptions at JET in which runaway plateau plasmas are formed following the initial current quench. For this analysis, we follow the methodology originally developed for DIII-D [9] , which has been extensively applied to the analysis of the energy balance in runaway-free disruptions at JET [21, 22] . We describe briefly the approach below; more details can be found in the references [9, 21, 22] .
The method for determining the magnetic energy flow and balance during disruptions at JET is based on the evaluation of the electromagnetic flow of plasma energy into the vacuum vessel during a disruption by the application of Poynting's theorem. The magnetic energy which is dissipated inside the vacuum vessel either by induction of currents on the vessel/in-vessel conductors or by the plasma (which loses the energy by radiation, conduction/convection or by direct deposition of runaway electrons onto in-vessel components), at a given time t in the disruption is given by:
where E loss total is the total magnetic energy dissipated into the vacuum vessel in the temporal For JET, there is usually an influx of magnetic energy into the vacuum vessel during a disruption; this is possible because the penetration time of the magnetic flux across the vacuum vessel at JET is ~ 4 ms and thus shorter than the typical current quench timescale [37] . The major contributor to the dissipation of magnetic energy in conducting structures during disruptions at JET has been found to be the vacuum vessel itself [29, 22] given its relatively high resistance (340 mW) [37] . The dissipation of magnetic energy into ohmic heating of the vacuum vessel itself can be determined from the measured loop voltage during the disruption and the vacuum vessel resistance. For the runaway plateau plasmas analysed, the dissipation of energy into ohmic heating of the vacuum vessel is of similar magnitude of the magnetic energy influx during the plasma current transients so that, typically, the magnetic energy available for dissipation into the plasma is similar to the initial poloidal magnetic energy inside the vessel at time t ref . Fig. 10 shows a typical example of the magnitude and time evolution of the various terms in Eq. 4 terms, as well as of the instantaneous power fluxes during a discharge with runaway plateau formation and termination at JET. As explained above, both when the current quench is initiated and also when the runaway plateau
is terminated there is an influx of magnetic energy across the vessel most of which is dissipated by resistive heating of the vacuum vessel by induced currents in these phases. As a result, the magnetic energy that can be dissipated by the plasma is only somewhat higher than its initial value (W pol (t pre )), typically by 10-20%. As shown in Fig. 10 , most of the magnetic energy dissipated by the plasma in the initial current quench is in the form of plasma radiation, which is typical of JET disruptions without runaway plateaus. On the contrary, during the termination of the runaway plateau plasma the level of plasma radiation is very small, as well as the induced vessel currents in this phase. This demonstrates that the magnetic energy of the runaway plasma is deposited directly onto the in-vessel components (by runaway kinetic energy deposition or conduction/convection by the thermal plasma) and not by plasma radiation or by inductive current dissipation in the vessel.
The detailed energy balance analysis described above has been carried out for a series of discharges with runaway plateaus (and for runaway-free disruptions for comparison) separating the magnetic energy balance in Eq. 4 into two steps for the discharges with runaway plateaus : the initial current quench (step 1) and the runaway plateau termination (step 2), and evaluating the dissipation of plasma energy for these two steps separately. For the evaluation of the runaway plateau plasma magnetic energy contained inside the vacuum vessel (W pol (t ref-step-2 )), it is assumed that radiative losses are the dominant mechanism for magnetic energy loss during the initial current quench, as shown in Fig. 10 in agreement with previous JET experience [27, 21, 22] , so that for the runaway plateau plasma: (5) where E conductor loss and E rad are the energy lost by dissipation in the conductors and radiated by the plasma in the initial current quench (i.e. for step 1 from t ref-step-1 to
Comparison of the radiative losses both during the initial current quench and the termination of runaway plateau discharges at JET with the in-vessel magnetic energy analysis of Eq.4 shows that the role of radiative losses in these discharges is quantitatively different from normal disruptions without runaway generation, as shown in Fig. 11 . While losses by radiation in the current quench of disruptions without runaways can account for 50 -100% of the in-vessel magnetic energy, they can only account for typically less than 50% of the losses for the initial current quench in discharges in which runaways are formed. This is consistent with a significant fraction of the initial pre-disruption magnetic energy remaining in the runaway plateau plasma after the initial current quench. More surprising is the fact that radiative losses are negligible (< 10% of the in-vessel magnetic energy) at the termination of the runaway plateau plasmas. Given the major importance of this finding, the small the role of radiative losses in the termination of runaway plateau plasmas at JET has been confirmed by the analysis of the total magnetic energy balance of a wider database of runaway-free disruptions and of runaway plateau terminations by the application of some simplifying assumptions based on the results of section 2. For this wider database, the total magnetic energy of the plasma has been evaluated in an approximate way : l i =1.2 is assumed for pre-disruptive plasmas in runaway-free disruptions and l i =2.5 is assumed for runaway plateau plasmas. The total magnetic energy thus estimated is compared with the integrated energy lost by radiation in the whole current quench phase of the runaway-free disruptions and in the runaway plateau termination phases. Fig. 12 shows the results of the analysis of the total magnetic energy of runaway plateau plasmas and the radiative losses at their termination confirming the findings from the in-vessel magnetic energy analysis for a smaller set of discharges; radiative losses during runaway plateau terminations are markedly lower than those found during the current quench of runaway-free disruptions also when the total plasma magnetic energy is considered.
These results show that the processes involved in the loss of magnetic energy from a runaway plasma are qualitatively different from those in the current quench that follows the thermal quench of plasma disruptions. These processes will be described in more detail in sections 4 and 5.
termInAtIon chArActerIstIcs And mAgnetIc energy loss of runAwAy plAteAu plAsmAs At Jet.
As discussed above and shown in Figs. 8 and 9, the termination of runaway plateau plasmas is associated with the sudden loss of runaway electrons caused by the instability of the runaway plasma discharge. This instability leads not only to a deposition of the runaway electrons kinetic energy by their impact onto the in-vessel components but also to a decrease of the plasma current (mostly carried by runaway electrons), as runaway electrons are lost. This plasma current decreases leads, in turn, to an increase of the electric field on the plasma discharge which can eventually lead to a further generation of runaway electrons and the direct conversion of the magnetic energy of the runaway plateau plasma into runaway electron kinetic energy as originally identified in [26] . The electric field created by the initial loss of runaways acts both on the remaining runaway electron population and on the thermal plasma formed after the disruption thermal quench that surrounds the runaway electrons plasma. The electric field thus generated can have two effects on the plasma discharge : a) it can lead to the further generation of additional runaway electrons and/ or b) can induce an ohmic current in the thermal plasma, as shown schematically in Fig. 13 .
From this basic physics picture, the balance of the processes involved in the final loss of the runaway plateau plasma magnetic energy should be dependent on the timescales of the runaway loss process, as this drives the appearance of the electric field in first place, and on the thermal plasma characteristics (i.e. its resistivity), as these determine the magnitude of the plasma current that can be induced in the thermal plasma by the electric caused by the runaway electron loss.
It is thus important to experimentally characterise the timescales of these processes and the characteristics of the thermal plasma in order to determine whether the above physics picture is valid and if it can explain the large variations measured in the magnetic energy left in the plasma after runaway electrons are lost (as shown by the plasma current in Figs. 8 and 9 ). For this purpose a set of discharges JET has been analysed with formation of runaway plateaus with pre-disruptive plasma currents in the range of 1-6 MA and runaway plateau currents in the range of 0.5-3 MA, as shown in Fig. 14.
For the systematic characterisation of changes in the plasma current and of the loss of runaway electrons in runaway plateau terminations, the following parameters have been defined (see Fig.   15 ):
a)
The timescale for plasma current decay (Dt Ipr ) has been defined, following a similar approach to that applied to disruptions without runaway formation, as the time that it takes the plasma current to decay from 0.9 I p r to 0.2 I p r , where I p r is the runaway plateau plasma current value.
b) The duration of the period over which the losses of runaways take place (Dt neut-X-rays ) is determined by the time interval between the first and the last peak in the photo-neutron and hard x-ray emission during the runaway plateau termination phase. c) Because runaway electrons are lost in several short events, the characteristic timescale for the loss of runaway electrons can be much shorter that the period over which they are lost (Dt neut-X-rays ). In order to account for this fact, the following definition for the typical timescale for runaway electron loss from the photoneutron emission measurements (t neut ) has been adopted, . For experiments in which runaway electrons are lost predominantly in one event t neut corresponds to the duration of the dominant runaway loss event, i.e. t neut ~ Dt neut-X-rays .
d The timescales obtained with this methodology are shown in Fig. 16 .a, in which t neut and Dt neutxrays are plotted versus Dt Ipr . The results in Fig. 16 .a reveal that for most cases at JET, the timescale of runaway loss (t neut ) is much shorter than the period over which the runaway loss takes places (Dt neut-xrays ). This has significant implications for the energy balance of runaway plateau plasma terminations, as will be discussed below. Fig. 16 .a also shows that the timescale for runaway plateau plasma current termination (Dt Ipr ) is not an appropriate parameter for the characterisation of the timescale of runaway electron loss, as it is determined by both the duration of the period over which runaways are lost (Dt neut-xrays ) and also the behaviour of the post-runaway plasma . From the physics picture described above, it is expected that the efficiency of transformation of runaway electron current into ohmic plasma current in the thermal plasma should increase with the electric field created by the loss of runaway electrons and with decreasing plasma resistance of the thermal plasma as I p aft ~ E f /R aft .
The effective plasma resistance of the thermal plasma can be evaluated in an approximated way from the timescale of current decay in the post-runaway thermal plasma, in a similar way to that during the current quench of runaway-free disruptions, as:
where L aft is the plasma inductance of the post-runaway thermal plasma and R aft its resistance.
Comparison of the t c.q. aft timescale with that of the initial current quench in JET disruptions with a runaway plateau (calculated in an analogous way to that in Eq. 6) shows that, in most cases, the timescale of the initial current quench is longer than t c.q. aft (see Fig. 18 ). This lower timescale for the current decay in the post-runaway plasma is unlikely to be due to a lower plasma inductance for the post-runaway plasma than that for the initial phase of the current quench because during the initial phase of the current quench the current profiles are already very broad (l i ~ 0.7 as shown in Fig. 3 ) and it is thus unlikely that the post-runaway profiles will be much broader. It is therefore concluded that the effective plasma resistance of the post-runaway thermal plasma must be higher than that of the plasma during the initial current quench. It is important to note that the plasma resistance of the thermal plasma during the runaway loss phase itself is likely to be higher than that during the post-runaway phase because of the lower of ohmic plasma current and ohmic heating of the thermal plasma during the runaway loss phase. The estimates performed here on the basis of the experimental measurements available intend to provide a guideline to interpret the experimental results but detailed modelling is required to extract quantitative conclusions from these measurements, as described in section 5 and in future publications [14, 19] .
The average electric field generated by the loss of runaway electrons is proportional to the derivative of the runaway current during the runaway loss phase. This derivative can be approximated from the initial runaway plasma current (I p r ) and the timescale for runaway loss (t neut ) as |dI p r /dt| ~ I p r /t neut , under the assumption that the majority of the plasma current during the runaway plateau phase is carried by runaway electrons. Thus the electric field induced by the loss of runaway electrons can be approximated by
With these approximations and the physics picture described above, the proportion of runaway current which is transformed into ohmic plasma current in the post-runaway plasma is given by 
where E mag r and E mag aft are the total magnetic energies of the runaway plateau plasma and the postrunaway plasma respectively. Fig. 20 shows the normalised (to the total runaway plateau magnetic energy) magnetic energy loss during Dt neut-xrays for the JET discharges analysed. In most cases, a large fraction of the runaway plateau magnetic plasma energy (> 50%) is also lost in the period in which runaway electrons themselves are lost. As we have shown in sections 2 and 3, the radiation losses during this phase are small as well as the losses associated with the induction of currents in the vacuum vessel. Therefore, we can conclude that for most of the runaway plateau plasma terminations at JET a substantial fraction (> 50%) of the initial runaway plateau plasma magnetic energy is directly deposited onto the in-vessel during the period in which runaway electrons are lost. This magnetic energy deposition is in addition to the initial kinetic energy of the runaway electrons in the runaway plateau plasma which is also deposited onto the in-vessel components during this phase. After the runaway electron loss phase is over, the remaining magnetic energy in the post-runaway plasma will also deposited by conduction/convection onto the in-vessel components from the thermal plasma, given the low radiation losses during the termination phase of runaway plasmas in JET, with typical timescales characterised by t c.q. by runaways on in-vessel components [Jarvis 1988 ]. In the absence of an additional conversion of magnetic energy of the runaway plateau plasma into kinetic energy during the termination phase the following behaviour would be expected; for discharges with runaway plateau phases which are shorter than t c.q. an increase of the total runaway kinetic energy (and integrated neutron emission) is expected with increasing duration of the plateau phase as a larger proportion of the pre-disruptive magnetic energy can be converted into runaway kinetic energy within t c.q. , during which the electric field on the plasma is significant. Once the duration of the runaway plateau exceeds t c.q. , the magnitude of the electric field on the plasma is negligible and thus no further increase of the runaway kinetic energy and of the corresponding integrated neutron emission is expected for t plateau /t c.q . > 1. On the contrary, the experimental measurements show a continuous increase of the integrated neutron yield (and total runaway kinetic energy deposited onto in-vessel components) up to very large values of t plateau /t c.q ., as shown in Fig. 21 . This indicates that there is another mechanism leading to the increase of the kinetic energy which is deposited by runaway electrons onto the in-vessel components beyond the initial conversion of plasma magnetic energy into kinetic runaway energy at the disruption initial current quench. Fig. 21 also shows that the energy deposited by runaways onto in-vessel components can be significantly larger (by up to a factor of 10 in some cases) than the maximum that they can acquire during the initial current quench (i.e. for discharges in which t plateau ~ t c.q. ). For most runaway plateau plasmas, the initial kinetic energy of the runaway electrons is small compared to the magnetic energy of the runaway plateau plasma itself (typically ~ 10 -30%). Therefore, understanding in detail the physics mechanisms that govern the conversion of the magnetic energy of the runaway plateau plasma into energy deposited onto the in-vessel components is required in order to perform a correct evaluation of the magnitude of the energy fluxes to in-vessel components during runaway plateau terminations and of their timescales in present devices and to provide a physics-basis for their evaluation in ITER. It is thus necessary to identify and quantify : a) the processes that determine the conversion of magnetic energy of the runaway plateau plasma into magnetic energy of the thermal plasma, b) the processes that cause the loss of a significant fraction of the initial magnetic energy of the runaway plateau plasma onto the in-vessel components during the duration of the electron runaway loss phase (Dt neut-Xrays ) and c) in which form is the magnetic energy deposited onto the in-vessel components during the runaway electron loss phase. This will be studied by the application of a simple model for runaway formation and loss to typical JET conditions and by detailed simulations of few typical JET runaway plateau plasma terminations in section 5.
modellIng And IdentIfIcAtIon of the mAgnetIc energy loss processes for runAwAy plAteAu plAsmAs termInAtIon At Jet.
Modelling of the termination of JET runaway plateau plasmas has been carried out with a model previously used to simulate the behaviour of runaway discharges in various tokamaks by solving the plasma current profile evolution with the contribution of the various runaway production mechanisms in a self consistent way [17, 18] . The details of the model can be found in [17, 18, and references therein] and it will only be briefly described here.
The evolution of the plasma current density (j p ) is evaluated by the solving the current diffusion equation in a plasma with a runaway component which can be written as (10) where h is the plasma resistivity and j r is the runaway electron current density. The runaway electron current density is given by the sum of the primary (Dreicer) electrons and the secondary avalanche electrons (which has a characteristic avalanche timescale of t s [31] ) and the loss of runaway electrons with characteristic timescale t diff : (11) This model has been applied to representative discharges for generation and loss of runaway plateau plasmas at JET (starting from plasma conditions after the thermal quench) by adjusting the level of plasma density and temperature of the thermal plasma after the thermal quench to match the measured plasma current evolution. For simplicity, the simulations assume that the plasma is surrounded by a perfectly conducting vessel so that only the in-vessel magnetic energy plays a role in runaway plateau plasma formation and loss. Although this assumption is not a realistic assumption for JET, which has a highly resistive vacuum vessel [37] , it turns out that the magnetic energy influx into the vacuum vessel during these phases is approximately compensated by resistive losses in the vacuum vessel in these experiments, as shown in Fig 10, so that, in effect, the magnetic energy balance situation during runaway plateau plasma discharges and their termination at JET is not very different from that expected for a perfectly conducting vacuum vessel.
An example of a simulation for a 6 MA plasma disruption at JET leading to the formation of a runaway plateau plasma with 2 MA of runaway current (conditions similar to those in Fig. 14) are shown in Fig. 22 .a-d. The first current quench leads to the appearance of a large electric field which in turn leads to the formation of large runaway current in a timescale of ~ 10 ms as shown in Fig.   22 .a. During this phase no losses of runaway electrons are assumed to take place. Simultaneous with the runaway electron current formation, the current profile becomes much more peaked than at the beginning of the current quench reaching values of internal inductance of l i ~ 2.3 during the plateau phase (see Fig. 22 .b) , which is typical in JET discharges, as shown in Fig. 3 . The evolution of the internal magnetic energy during this runaway formation phase is shown in Fig. 22 .c. For this simulation, the runaway plateau plasma maintains about 8.5 MJ of internal magnetic energy from the initial 27.5 MJ at the beginning of the current quench, i.e. about 30% of the initial internal magnetic energy, which is well within the range observed at JET (see Fig. 7 ). As shown below (in Fig. 22.d) , of the 19 MJ of magnetic energy lost in the initial current decay 3 MJ are converted into kinetic energy of the runaway electrons and the remaining 16 MJ are dissipated ohmically in the thermal low temperature plasma formed after the thermal quench, which is assumed to have a temperature of 10 eV in this example. If all the magnetic energy dissipated into ohmic heating during the initial current quench would be radiated, it would correspond to a level of radiated energy loss of ~ 60%, which is in the upper range of the observations for this phase of runaway discharges at JET, as shown in Fig. 11 . The final phase of the runaway plateau discharge corresponds to its termination, which is modelled by the inclusion of a loss term for runaway electrons with a characteristic time of t diff ~ 1 ms. As seen in Fig. 22 .a, this leads to the complete loss of the runaway electrons in a time interval of ~ 7 ms during which a significant plasma current (~ 1.5 MA) is induced in the thermal ~ 10 eV plasma which surrounds the runaway plasma. In fact, the timescale for the decrease of the current carried by runaway electrons in this simulation is significantly longer than t diff . This is due to the fact that the electric field created by the initial loss of the runaway electrons does not only lead to the induction of an ohmic current in the thermal plasma but also to the further generation of additional runaway electrons thus slowing down the runaway electron current decay itself, as proposed in the physics picture introduced in section 4.
A major consequence of the generation of additional runaway electrons during the termination of the runaway plateau is that part of the initial magnetic energy of the runaway plateau plasma is converted into runaway electron kinetic energy, as shown in Fig. 22 MJ are converted into ohmic heating of the thermal plasma during the runaway loss phase and into magnetic energy of the post-runaway plasma, which is finally dissipated ohmically as well. When both the initial runaway electron generation and loss phases are taken into account, the total conversion of pre-disruptive magnetic energy into runaway electron kinetic energy which will be deposited onto in-vessel components amounts to ~ 5.2 MJ. This is a factor of ~ 1.7 larger than that estimated by the usual analysis based on runaway electron formation which only considers the evolution of the plasma up to the runaway plateau but does not consider the runaway loss phase [17, 33] .
The proportion of the runaway plateau plasma magnetic energy that is converted into runaway kinetic energy is strongly dependent on the timescale of the runaway loss process and on the resistivity (or plasma temperature) of the thermal plasma, as expected from the physics picture introduced in section 4. The resistivity of the thermal plasma influences the evolution of the electric field created by the runaway loss process, which in turn determines the generation further runaways. The timescale of the runaway process itself influences whether the losses of runaways exceed their generation rate under the electric field acting on them and thus the conversion of magnetic energy of the runaway electron plasma into runaway electron kinetic energy. A parametric study of the sensitivity of the magnetic to kinetic energy conversion during the termination of runaway plateaus at JET has been carried out for various assumptions regarding the level of plasma current in the runaway plateau, the thermal plasma temperature and the characteristic timescale for runaway loss. The results of this study are shown in Fig. 23 .a and b. For JET, for which the typical runaway loss time from the photo-neutron emission is in the range of 0.5-3 ms (including subsequent runaway electron generation, see Fig. 16 ), the conversion of runaway plateau magnetic energy into runaway kinetic energy is in the range of 20 to 60%. The conditions for more efficient conversion correspond to the longest timescales for runaway loss and the lowest thermal plasma temperatures, as expected. Because the magnetic energy of the runaway plateau plasma in JET is typically a factor of ~ 3-10 times larger than the runaway electron kinetic energy, a conversion rate from magnetic to kinetic energy of 60% during the runaway plateau termination implies that the total amount of energy deposited by runaway electrons onto the in-vessel components is at least a factor of ~ 3 times larger than that usually estimated from the evaluation of the kinetic energy of the runaway electrons in the plateau phase alone. When the transformation of magnetic energy of the runaway plateau plasma into kinetic energy of the runaway electrons is effective, the energy deposited by runaway electrons onto in-vessel components is expected to scales as ~ (I p r ) 2 (i.e. with the runaway plateau plasma magnetic energy) rather than with ~ (I p r ) (i.e., the plateau runaway electrons kinetic energy).
Because the detailed characteristics of the runaway loss process and of the thermal plasma are so critical for the determination of the efficiency of runaway magnetic energy conversion into runaway electron kinetic energy, simulations have been performed to reproduce in detail the timescales of the various runaway loss events for some JET discharges. The systematic study of a large set of JET discharges will be reported in a future publication [Martin-Solis 2010]; here we only describe the results for two extreme cases studied. One case corresponds to a runaway plateau plasma discharge in which runaway electrons are mostly lost in a single dominant event and whose thermal plasma temperature is estimated to be ~ 9 eV (Fig. 24 .a and b corresponding to the discharge in Fig. 14) . The other case corresponds to a runaway plateau plasma discharge in which runaway electrons are lost over an extended period in a series of events ( Fig. 25.a and b corresponding to the discharge in Fig. 8 ) with a lower thermal plasma temperature (~5 eV). For these simulations, the number of runaway electron loss events, their duration (t spike , characteristic timescale for the duration of each runaway electron loss event) and the interval between events (Dt spike ) is taken from experimental measurements of photoneutron emission. The timescale of the runaway loss process in each photoneutron spike and the thermal plasma temperature is adjusted in the model to reproduce the total plasma current evolution and its derivative during the termination of the runaway plateau and of the post-runaway plasma. As shown in Fig. 24 .a and b, for conditions in which runaway electrons are lost in a single short event and the thermal plasma temperature is relatively high, most of the initial magnetic energy in the runaway plateau plasma is transformed into magnetic energy and ohmic heating of the thermal plasma and only 18% of the initial runaway plateau plasma magnetic energy is transformed into kinetic runaway electron energy. On the contrary, for the case in which runaway electrons are lost in many events over an extended period and in a thermal plasma with a lower plasma temperature (Fig. 25 a. and b.) it is found that the runaway electron population is partially recovered after every loss event by the generation of additional runaway electrons. This leads to most of the runaway plateau plasma magnetic energy to be transformed into kinetic runaway electron energy (81 %) by the end of the plateau termination phase.
dIscussIons And ImplIcAtIons for Iter.
The analysis of experimental measurements at JET and supporting modelling described in this paper demonstrates that the processes leading to the termination of runaway plateau plasmas are fundamentally different from those occurring during the current quench in runaway-free plasma disruptions because of the pre-existence of a runaway electron population. In JET runaway-free disruptions, the plasma magnetic energy is ohmically dissipated into the low temperature plasma following the thermal quench and finally lost predominantly by plasma radiation from the impurities that enter the plasma following the thermal quench. For JET disruptions in which a significant population of runaway electrons is formed, the level of plasma radiative losses at the initial current quench is lower, as expected from magnetic energy conservation. In the termination of runaway plateau plasmas, the pre-existence of a runaway electron population in the background thermal low temperature plasma drastically changes the way in which the magnetic plasma energy is lost.
Depending on the thermal plasma conditions and the timescales of the instabilities leading to the termination of the runaway plateau plasma, the magnetic energy in the runaway plateau plasma can be transformed into kinetic energy of runaway electrons by subsequent runaway electron generation or into magnetic energy and ohmic heating of the thermal plasma which surrounds the runaway electron plasma beam. In either case, the magnetic energy of the runaway plateau plasma is predominantly deposited onto the in-vessel components either by direct deposition of the runaway electron kinetic energy or by conduction/convection of the energy out of the thermal plasma, as radiative losses during these runaway termination phases are found to be very small.
From the point of view of the integrity of in-vessel components, the transformation of magnetic energy into runaway electron kinetic energy and their loss onto these components is the most unfavourable scenario : a) in first place, because of their high energy, runaway electrons deposit the energy deeper into the component which poses a higher damage risk, particularly for components with thin plasma facing material cladding, such as water cooled components [20] , and b) the deposition of kinetic energy by runaway electrons is expected to be very localised onto the most protruding components. On the contrary, energy deposited by conduction/ conduction along the field lines from the thermal ohmic plasma that follows the runaway loss phase is expected to be deposited over much larger areas. These expectations are based on the edge transport properties of limiter discharges at JET and the inverse dependence with plasma current of the scrape-off layer width found in these experiments [4] . The plasma edge transport properties of these low temperature post-runaway thermal plasmas are unknown but they are expected to be very turbulent given the terminal stage of the plasma discharge.
In this case, energy fluxes are likely to be spread over much larger areas than those deduced from conventional ohmic limiter discharges in JET [4] .
Extrapolation of the results obtained at JET to ITER is subject to large uncertainties given our incomplete understanding and the incomplete measurements of runaway electron plasmas and thermal plasma characteristics. In general, modelling shows that for similar assumptions regarding the thermal plasma temperature and timescale for runaway loss, the conversion of magnetic energy of the runaway plateau plasma into runaway electron kinetic energy is less effective in ITER than in JET as shown in Fig. 26 . This is due to the fact that, under these assumptions, the electric field generated by the initial decrease of the runaway current is proportional to the magnitude of the runaway current itself (i.e., a factor of ~ 4-5 times larger in ITER compared to JET). Higher electric fields during the runaway loss phase favour the induction of ohmic currents in the thermal plasma and thus a less efficient conversion of magnetic energy into runaway electron kinetic energy for a given runaway loss timescale. From the detailed modelling of the JET discharges in Fig. 24 and 25 , it is clear that simulations done with average runaway loss times to represent the whole runaway plateau termination, such as those done in Fig. 26 , only provide guidance on the magnitude of this conversion. A precise evaluation of the magnetic to runaway electron kinetic energy conversion efficiency in ITER requires a detailed specification of the number, timescales and time intervals of the foreseen runaway loss events in the runaway plateau termination which are obviously difficult to predict at this stage. Despite these uncertainties, the analysis presented in this paper shows that for a large range of conditions in JET and also for ITER the conversion of few tenths of the runaway plateau magnetic energy into runaway electron kinetic energy is likely to take place and that this should be considered in the evaluation of the runaway electron loads onto in-vessel components. For discharges in which the runaway plateau current is a significant fraction of the pre-disruptive plasma current (i.e. low radiative losses in the first current quench)
and thus with a high runaway plasma magnetic energy, as assumed for ITER 15 MA scenarios in 
